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A PROCESS FOR THE EPOXIDATION OF ALKENES 
Technical Field 

The present invention relates to the catalytic activation of molecular oxygen 
for alkene epoxidation using transition metal substituted polyoxometalates as 

catalysts. 
Background Art 

Epoxidation of alkenes is an important chemical transformation whereby an 
oxygen atom is added to a carbon-carbon double bond to form an epoxide. 
Epoxides are often utilized as Intermediate compounds which can then be 
transformed to final products. Examples Include but are certainly not limited to 
ethylene glycol and polyethylene glycol from ethylene oxide, propylene glycol from 
propylene oxide, phenylacetaldeyhyde from styrene oxide and propranolol from 2R- 
glyddoi. 

Epoxidation of alkenes can be carried out using numerous techniques. The 
oldest and probacy most common method is to react the alkene with an organic 
perarid, according to the reaction set forth in equation CD- 



CD 



Typical peracids used in the art include perbenzoic acid, peracetic acid, 
performic acid, perphlhalic acid and substituted perbenzoic acids such as 8- 
chloroperbenzoic acid. The salts of such acids may also be effective oxidants as in 
the case of magnesium monoperoxophthaiate. The acids may be used as pure 
compounds or as prepared in situ In the reaction mixture by for example adding 
hydrogen peroxide to acetic anhydride to form peracetic acid. Although processes 
based on the reaction as described in equation (1) are known, there are certain 
drawbacks that am associated with such reactions. Among these one may srte (a) 
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the propensity for formation of by-products such as glycols and glycol esters by 
reaction of the epoxide with water and/or acid in the reaction medium, (b) the 
necessity of recovering and/or recycling the acid co-product and (c) the necessity 
for stringent reaction control because of the safety danger involved in use of 
organic peracids (acyl hydroperoxides). 

In order to minimize the danger in using peroxides as oxidants the use of 
atkyl and alkylaryl hydroperoxides in place of acyl hydroperoxides has been 
suggested and applied. These oxidants do not normally react with alkenes and the 
addition of a catalyst is required as shown in the reaction illustrated in equation (2). 

Some hydroperoxides commonly used in such reactions are tert- 
butylhydropercxide, cumena hydroperoxide and ethylbenzene hydroperoxide. The 
catalysts used are most commonly based on compounds containing Ti(rV), V(V), 
Mo(VI) or W(Vl) although many compounds based on other metals have been 
described as being effective catalysts. These reactions are safer because of the 
'lower reactivity of alkyl and alkylaryl hydroperoxides compared to organic peracids, 
however, the other disadvantages associated with the use of acyl hydroperoxides 
remein. Thus, reactions are not necessarily more selective, since the presence of 
catalysts often leads to additional side reactions, for example, substitution and 
oxidation at the allylic carbon of the alkene instead of oxygen addition to the double 
bond. Similar to the problems encounter with the use of acyl hydroperoxides, the 
alcohol co-product must be recovered, recycled and/or otherwise utilized. 

A further method to epoxidize alkanes is to use aqueous hydrogen peroxide 
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(3) 



oxidant as shown in the reaction illustrated in equation (3). 



Such a reaction represents a conceptual improvement compared to the use 
of organic hydroperoxides in that the co-product is water and therefore is 
environmental benign and need not be recovered or recycled. As In the use of 
alkyl. and alkylaryl hydroperoxides the presence of a cataiyst is necessary. wh,ch 
catalysts are again often compounds containing Ti(IV), V(V), MckVI) or W<Vi), 
among others, in only certain cases has high selectivity been reported for alkene 
epoxidation. Some affective and selective catalysts include titanium silicalite-1 and 
other titanium substituted zeolites, and polyoxometalates such as 
IWZnMna(ZnW90i fl >d^ and { P04WO(O 2 ) 2 ] 4 p-. In many cases, the use of 
hydrogen peroxide represents an ideal oxidant provided reactions are selective. An 
exception is in cases where the low price of the epoxide make the use of hydrogen 
peroxide prohibitively expensive. 

An additional important method for synthesis of epoxides from alkenes Is via 
formation of a halohydrin, preferatty a chlorohydrin. using hypochlorous acid in the 
first step, followed by use of base eg NaOH for ring closure in the second step, as 
shown in the reaction illustrated in equation (4). 



+ NaC 



/ 

This is a very simple procedure which has, however, two problems. First, 
usually the presence of molecular chlorine in hypochlorous acid leads to formation 
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must be treated or recycled. 

The idea. oxidant for eiKene epox.dat.on bom from . ecologrcal end 
poW of view woutd be motecuiar oxygen (dtoxysen) as found to w. The 
addH.cn of dioxygen to an enter* U dlsfevored MUM. 
naedtobeappHed. ,n ceses where Owe is no aflyl* cs*on «o me daub, .*«* 
^. may be added to me doub,e bond using a eiiver oaf-yet a. elevated 
temperatures. In this way. emylena oxide .a manufecdtred from ..hylene. For 

Jo, precede wtth od»f M. ■* as butane, propone ~ mis reason 

M. to give epoxide in eignWcant smelts. The basio problem in use o, droxygen 
f cr epoxides of eiKene Hes In me radioa, n-ure of ma moleouter oxygen 
raoieeule. In homogenous raaedons, this radical nature a*ays teed, to e preferred 
radioat reason vie subsdtudon of hydrogen at an e,.y..o carbon atom. Therefore, 
me common mod. of udlization of dloxygen in liquid phase cetedyzed reaction, 
d«s not yield epoxide as a m*r gradual The situation m gas phase radons . 
**, wherein activason of aKenes leads to type carboeatlon,. carbanrons 
or carbon radices again praventing formation of epoxides as a significant product 

Conceptually, in enter to use dtoxygen for a.kene epoxidetion. ecdvatron of 
dtox^en should be via formation of a high volant mate, oxo compound formed after 
actesion of me oxygerwixygen bond. These high veien. metal-oxo ,n tt rmedia.es 
are effect, epoxldlzing agents. Most comn»n.y mi. is carried out in na*ra by 
uso c monoxygenase type enzyme such es cytochrome P-^SO or methane 
r^genosa. Such enzymes may be mimicked, for example, by usrng 
manganese and *cn porphyrins as cata.y*s. The monooxygenase mechanise, 
h^av*. require, two e..c«ons from a reducing agent .n order to deavethe 
o^en^xygen bond .eadmg to formation of me high valen, metal-oxo Intermedrate 
acdve in alttene epo.dda.ion. f™> a process point of view me reducing agent 
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becomes the limiting reagent instead of dioxygen and negates the attractive of 
such a process. 

The alternative is activation of dioxygen in a dioxygenase type mechanism. 
,n such a reaction, dioxygen is deaved using two metal centers leading to formation 
of two high valent metal-oxo species. This type of reaction has been only realized 
using a ruthenium substituted tetramesitylporphyrin (RuTMP). Turnover rates to 
epoxide are very low and the catalyst has limited stability. 

The limited stability of porphyrin ligands has led to the suggestion that 
transition metal substituted polyoxometalates may be important alternative catalysts 
to metalloporphyrins as disclosed and discussed in Hill. US Patent 4.864,041. 
These catalysts would retain the high activity of their metalloporhyrin counterparts, 
however, are significantly more thermally and oxidatlvely stable, thus allowing their 
use as long living catalysts. This previous work describes the application of 
transition metal substituted polyoxometalates for the epoxidation of alkenes using 
oxygen donors such a iodosylbenzene. Other reported academic research has 
evolved from this report and has described alkene epoxidation using other oxygen 
donors such as terf-butylhydroperoxide, hydrogen peroxide and p-cyano-N.N- 
dimethylaniline-N-oxide. The use of transition metal substituted polyoxometalates 
as catalysts for alkene epoxidation with molecular oxygen has never been 
described. 

Disclosure of the Invention 

Accordingly, it is an object of this invention to provide a novel process for the 
epoxidation of alkenes using molecular oxygen as oxidant. It is also an object of 
this invention to provide a method for carrying out this epoxidation of alkenes with 
molecular oxygen using a transition metal catalyst. Furthermore, rt is an objective of 
this invention to carry out said epoxidation using a transition metal substituted 
polyoxometalate as catalyst. 
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«*. -» — - — — 03 for 

the epoxidation of alkeneewith molecular oxygen. 

C parted «*> invendon provKea a ^ * 

^Bon of aixaoe contpr** coring a transition — 

,^ mum to catalyze the epoxidatlon of alkenes with 
substituted polyoxometalates C™SP) to catalyze y 

molecular oxygen according to the following equation (5>. 

W * o. ^ X< 

Prt^ia*, « oitoomeric o*dea of defied — on adde*to * 

" mo^on, niobiun, « V— - = — — 

— . - — ^ m ;:t;;jrtiTa 

> ^ » r» o- u*iere the heteroatom, X, if present _ w/ 7 
□eneralfoirriulaXxfTMJyWImOi^ where ine new tllrtf)sten 

transition metals. The specific cias ^ b the 

invent are charactered aa a - ■ ^ 
^ a W of W*. and other ~ """J^^. „ „ hich b 
h( *«aen the two B-XWAm tnvacant Keggm fragments mo struct 
between the » B cation, ara aaeumed to ba 

shown in appended F.gure 1. The transro 

P ca«oned a. terrain*. poaHicn. and ara hoxacooralnate wdh a, <-£ 
or third row. Mora preferably the TM atom . a noble metal 
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consisting of ruthenium, rhodium, palladium, osmium, iridium and platinum. Most 
preferably the TM atom is ruthenium. The heteroatom atom, X, of the trivacant 
Keggin fragments can be any heteroatom known for Keggin compounds as is well- 
known in the art. For exampie. X can be a nonmeta. such as phosphorous, silicon 
germanium, boron, or asenic Alternatively X can be a mete, such as zinc, cobalt, 
iron etc. The preferred transition metal substituted polyoxometalate for this process 
is {WEnRu 2 (ZnW e Oi 9 )2l 11 -. No transition metal substituted polyoxometalates or 
those of the general structure described and shown above have ever been used as 
catalysts for the epoxidation of alkenes with molecular oxygen. The counter cation 
of the above transition metal substituted polyoxometalates may be any cation 
including for example alkali metals, alkaline earth cations, transition metal cations 

or organic cations such as quaternar/arr^onium salts 

The catalytic reaction as descnbed in equation (5) is cameo out oy 
contacting the catalyst with molecular oxygen and alkene. In one process the 
catalyst is contacted with molecular oxygen, followed by contact with the alkene. In 
another process the catalyst is contacted simultaneously with both the molecular 
oxygen and alkene: The reaction or contact between the catalyst and reactants 
(alkene and molecular oxygen) may take place in a solvent whereby the reactants 
are added to the catalyst dissolved in an liquid phase. Some typical solvents are 
aliphatic, aromatic or halogenated hydrocarbons. Some exemplary solvents of 
these classes are 1 ^-dichioroethane. heptane, toluene, xylene, chlorobenzene or 
mixtures thereof. Alternatively, the catalyst may be placed on a support or used as 
a simple solid followed by addition of the reactants. The support used for the 
catalyst may be any support used in heterogenous catalysis including among 
others silica, alumina and other oxides. 

The alkenes applicable as reactants in this process may be any type of 
alkenes known. This includes simple terminal and linear alkenes such as ethene, 
propene, 1-butene, 1-octene etc. The alkene may be an internal branched or linear 
alkene such as 2-butene, 2-octene, 2.methyl-2-heptene, 2,3-dlmethyl-2-butene, etc. 
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le « k* rveiicfor example cyclohexene, cyclooctene, norbomene. 
The alken* *ay ateo be cychc for - ^p y enri ^ d air, or as 

of the reaction .s between ^ be ^ at 

rs--s=:;£: 

h ^ims Thus the following examples which Include prer rr 
appended cla.ms. Thus, tn ,nvenUon. it being 

readily understood description of formulation procedures as we» as o 
and conceptual aspects of the invention. 
Brief Description of the Drawings 

1^ po^oxon^a. ,~ (a >w 9 o,^'-. «*. * « ***** - 

molecular oxygan addition to alkanes to lorm epoxidas. 

^ o**an at 30 'C *r nina h oo, tn a dosad vasaat. Tha 
soMon waa cootad to roo. lamparatura and 11.2 „. - — 
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Ater 2 hours the solution was ana*zed by GLC. The enatysis showed a 67.5 % 
conversion to cydooctene oxide. 

solu«on of amassed l^ichioroethan. conteining 100 J-* 
Q.tWBMCHWkOuta ■" « «» slcap^n-aW ammonium was Rapt under 

molaculer «W» - *» •« » * h ° Ure ^ 8 ^ VeSM '- °!T 
..Won was coded «o room *W and 11.2 mg cydooctene was a*teo. 
Afla, 2 hours M so.u«on was anelyzed by GLC. The analysis showad a 72.1 * 
conversion to cydooctene oxide. 

mf sduson of degassed f.z-dlcNoroethane containing 100 pmo. 
Q 1lW ZhRu,enW,0,.ta in whioh O la mcapryW-my. ammonium was kept undar 
« motocutar oxygen at 90 -C for nina hous in a dosed vaasai. Vm oxygen 
so.uUonv^coo.adten^te^r.and^.ngnorbornanawasaddad. Aft* 

2 hours ma solution was analyzed by GLC. The endysls showed a 82.1 
conversion to norbornene oxide. 

A^Lon of toluana contairsng 100 pmo, Q^WZnRu^O,,), 

in which Q la tdcaprylmethyl ammonium was kept undar 1 *m molacular oxygen at 
. t The oxvaan solution was cooled to room 

90 *C for nine hours in a closed vassal, mo oxys 

temperas and 11* mg cyoioootana was added. After 2 hours the soiutlon was 
andyzed by GLC. The analysis showed a 6*7 % oonvaraion to cydooctene oxide. 

Examole_S . 
A 5 ml soiuuon of degassed 1,2^chloroemane containing 100 pm* 
ChiWMMCBtttt.* in which O is -rlcaprylmethyl ammonium was Kept undar 
atm mo,ecu*r oxygan at 90 -C for nina hours m a Cosed vessel. The oxygen 
eoU-tlon was coole* to room temperature and 8.4 mg 2.Wima»y.-2-butene was 
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added. After 2 hours the solution was analyzed by GLC. The analysis showed a 
78,4 % conversion to 2,3*dlmethyl-2-butene oxide. 

A s ml solution of degassed 1,2-dichloroethane containing 100 umol 
Q^WZnRua^doh in which Q is tricaprylmethyl ammonium was kept under 1 
atm moiecular oxygen at 90 'C for nine hours in a dosed vesse,. The oxygen 
solution was cooied to room temperature and the solution was purged and 
repressurized with 1 atm propene. After 2 hours at 80 X the solution was analyzed 
by GLC. The analysis showed 96% propene oxide and 4% acrolein as the only 

products. 
Example 7 

A 5 ml solution of degassed 1,2-dichloroethane containing 100 umol 
QnWZnRuaCZnWoO^te in which Q is tricaprylmethyl ammonium was kept under 1 
atm molecular oxygen at 120 'C for six hours in a closed vessel- The oxygen 
solution was cooled to room temperature and the solution was purged and 
repressurized with 1 atm propene. After 2 hours at room temperature the solution 
was analyzed by GLC The analysis showed 98% propene oxide and 2% acrolein 

as the only products. 
Example 8 

A 5 ml solution of degassed 1,2-dichloroethane containing 100 umol 
Ql1 WZnRu2(ZnW 9 Oi9)2 in which Q is tricaprylmethyl ammonium was kept under 1 
atm molecular oxygen at 90 *C for 18 hours in a closed vessel. The oxygen 
solution was cooled to room temperature and 11.2 mg 1-octene was added. After 
1 8 hours at 60 "C the solution was analyzed by GLC. The analysis showed a 76 % 
conversion to 1-octene oxide, 
Example 9 

A 5 ml solution of degassed toluene containing 2.5 pmoi Q 11 WZhRti 2 (ZnW 9 0ie)2 
in which Q is tricaprylmethyl ammonium and 280 mg was kept under 5 atm 
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molecular oxygon at 90 "C for 24 hours in a closed vessel. After cooling GLC 
analysis showed a 15 % conversion of cydooctene to cyclooctene oxide, 

,t will be evident to those skilled In the art that the invention is not limited to 
the details of theforegoing illustrative examples and that the present invention may 
be embodied in other specific forms without departing from the essential attributes 
thereof and it is therefore desired that the present embodiments and examples be 
considered in all respects as illustrative and not restrictive, reference being made to 
the appended claims, rather than to the foregoing description, and all changes 
which come withm the meaning and range of equivalency of the claims are 
therefore intended to be embraced therein. 
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What Is Claimed te: 

, A process for the catalyse epoxide**, of elKene comprising contacting 
MM meta. subsKuted polyoxometalate and moteculer oxygen rift 
T A process accenting to d**n 1 wh«e.n said Mfen arete. subsbteted 
polyoxoa-tetete Is firs, conned w«h molecular oxygen fo»o»d by cornet wan 

proofs acceding to datm 1 wha»ln «ld «™«on n*- subsTCUted 
poVoxomeW-e is stmu«eneous ly contacted with moteoular W n and w* 

r^A process according to Cairn , wherein -H elxen. Is seieced *om the 
group consisting of branched, linear end cyclic alkenes. , , ta 

r A process according to dasr. 1 wherein said epox.de.ion i, earned out a. a 
temperature in the range of between 25 "C and 250*0. 

6. A process acoc^ng to deim 1 where* said epoxidation Is oamed out a. 

super-abnospheric pressure. . 

7. A prccese accord te Caim 1 wherein said Mtffen metal . a noble 



A ptoses accord*, to claim 1 wherein said molecular oxygen ia d»uted with 
9 . A process according Calm 1 wherein seid transition mete! Is rhenium. 
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